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Abstract 
At open pit coal mines, a large amount of coal is left around the end-walls due to the stability of slope, mining boundary, and so 
on. In order to increase coal recovery of open pit coal mines ,the application of a highwall mining system for residual coal around 
the end-walls is proposed. This mining method can be extracted the coals abandoned around end-walls efficiently. However, in 
order to introduce this mining system to open pit coal mines safely and efficiently, the adequate mining design considering not 
only stability of end-walls but also coal recovery ratio has to be investigated. 
This paper discusses the applicability of a highwall mining system for recovering plenty of coal left around the end-walls and its 
appropriate design by means of numerical analysis.  
 
Keywords: 
1. Introduction 
Surface mining plays considerable roles in the world’s coal mining, which has many advantages such as large 
output, low cost, simple mining technology,safeoperation and so on. So the surface mining method is adopted as the 
primary mining method in major coal production countries of the world, such as Australia, US, India, Russia and 
South Africa. According to the statistical data, about two thirds of the world coal production comes from surface 
mining in last 40 years (Liu. S Y, 2010). In the last decade, surface mining technology in China also has developed 
dramatically, the number of surface mines with over 10 million tons of coal production capacity is more than 20 
until now, and the amount of coal production from surface mines has reached near 11% of the total amount of raw 
coal in 2010(See Figure 1). 
However, there are a great deal of differences for occurrence features of coal seams between China and other 
main big coal production countries. According to the date from the 3rd Chinese national coal field prediction (1992-
1997), the amount of the coal resources existing in less than 600 m cover-rock is about 20% of total reserves in 
China. As a result, surface mining are limited in China. There are two main features of Chinese surface coal mines. 
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One is the thick cover, another is that shovel&truck mining technology system is common.Due to the great mining 
depth and shovel & truck mining technology system, a lot of coal are left around the end-walls in Chinese surface 
coal mines (Cai.Q X, 2008). Moreover, in this system, transportation lines of trucks are usually arranged in the end-
walls, so the slope angle of end-walls is designed very low (See Figure 2). And in traditional mining systems, the 
coals around the end-walls are buried by the inner dumping site, so coal resources are discarded in vain. 
 
 
 
 
 
 
 
 
 
 
Figure 1. The output of surface mining accounts for the total output of coal in China. 
(BP statistical review of world energy full report, Coal Production, 2011) 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Transportation of trucks in end-walls 
 
For recovering the residual coal around the end-walls, the main method in the past is simple room and pillar-
blasting mining system. There are a lot of disadvantages in this system, such as low work efficiency and recovery 
ratio, low safety, difficult management, the effect on end-walls, and so on.Considering these situations, the highwall 
mining system is suggested as one of the systems for extracting the coal left around the end-walls. In the highwall 
mining system, a coal is extracted by using a continuous miner or an auger machine from exposed seams at the base 
of the open cut operation. The slope stability is the key to the success of highwall mining. However,highwall mining 
system has not been used in China yet. So,more advanced researches and investigations should be done urgently 
under the actual situations of Chinese surface coal mines. Thus, this paper discusses the applicability of highwall 
mining system for the extraction of coal left around the end-walls and its suitable design by means of numerical 
analysis. 
2. Overview of ATB Coal Mine 
ATB Coal Mine is the target field of this research. This mine is located in Shanxi province,northern part of China 
and it is about 350 km south west away from Beijing(See Figure 3). ATB Coal Mine was commenced in 1987. The 
designed production capacity is 22 million ton per year, the average stripping ratio is 5.6m3/t. A shovel&truck 
production system has been adopted, Figure 4 shows the working pit of ATB coal mine. The mining areais extended 
from 2.03 to 8.1 km in east to west direction and from 2.70 to 6.30 km in north to south direction, the area is about 
40.23 km2. There are three main coal seams; the No.4, 9 and 11 and their dip is about five degrees and their 
thickness does not obvious change (See Figure 5). The average thickness of the No.4, No.9 and No.11 coal seams 
are 8 m, 13 m and 5m, respectively. The overburden and interburden consist of sandstone, weathered sandstones, 
mudstones, siltstones and shale. In ATB Coal Mine, geological reserve is 0.62 billion ton, the mineable reserve by 
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opencast mining is 0.45 billion ton, and about 0.17 billion ton coal cannot be mined because of end-walls. 
 
 
Figure 3. Location of ATB Coal Mine. 
 
 
Figure 4.Actual Working Pit. 
 
 
Figure 5. Coal Seams in the mining area. 
3. Highwall Mining Systems 
Many coal seams that are presently uneconomical or technically unsuitable for conventional surface mining 
techniques can be recovered using the highwall mining systems. Final highwalls of open cut coal mines can form the 
starting point for other mining methods, such as highwall or underground mining. In its basic application, highwall 
mining system is a technique utilizedafter the open cut portion of a reserve has been mined, sometimes prior to the 
introduction of underground mining (Seib, 1993).  
In these mining systems, a continuous miner or an auger machine is primarily used to extract coal from the 
highwalls (See Figures 6 and 7). Recently another systems such as superior highwall miners have been introduced in 
the US (Highwall systems, 2006). Figure 8 shows the classification of highwall mining systems. 
The continuous miner system is called a continuous highwall mining (CHM) system and is categorized into two 
types: one is an Addcar system and the other is an Archveyor system. The former consists of a continuous miner, 
addcars (belt conveyor cars), a launch vehicle, a stacker conveyor and a loader as shown in Figure 9.  
The CHM system can excavate rectangular holes over 350 m long, and the size of the hole depends on the 
specifications of the continuous miner. Fully automated control system is achieved with the aid of advanced 
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navigation technology, including a roof and floor passive gamma detector system, inclinometers, a ring laser 
gyroscope (RLG) and programmable logic controller (PLC). 
The auger system is very simple and can excavate holes over 100 m long and 0.5 m or greater in diameter into the 
coal seams in highwalls, depending on the application methods. This system is more maneuverable than the CHM 
system and it can be applied when shorter lengths of highwall are presented. It is also suited to recover the coal left 
around the open cut end-walls and major pillars of coal remaining after the CHM operation (Matsui, et al., 2008). 
Highwall mining systems have been used extensively in the US and Australia due to its own safe and economical 
mining system. In Indonesia, only the auger system has been used at a few mines (Matsui, et al., 2004). 
 
 
Figure 6.Continuous Miner. 
 
 
 
Figure 7.Auger Mining System. 
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4. Numerical Simulation 
4.1. Finite Difference Modeling 
Finite difference modeling was applied in this research. Non-linear analysis was performed by using the three-
dimensional FDM cord; FLAC3D (ITASCA Consulting group, Inc, 2002). Figure 10 shows the numerical model 
used in this analysis. This model represents a geological condition around the target area. The thickness of coal seam 
is 8 m. The immediate roof and floor are sandstone. Seven rectangular openings being 3 m wide and 3 m high and 
300 m length were excavated one after another in the No.4 coal seam. The pillar width between the two openings 
was assumed to be 1.5 m, 3.0 m and 4.5 m. 
The Mohr-Coulomb criterion was employed as a failure criterion. Table 1 shows the mechanical properties of the 
rocks in this analysis. 
 
 
 
 
Figure 10.Numerical model in this research. 
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Table 1. Mechanical properties of rock 
 
Rock Type Sandstone Coal 
Density(MN/m3) 0.0240 0.0137 
Young’s 
Modulus(MPa) 3,550 1,200 
Poisson’s ratio 0.325 0.360 
Cohesion(MPa) 3.55 1.60 
Friction 
angle(deg.) 38.75 37.00 
Tensile 
strength(MPa) 0.355 0.300 
 
5. Results and Discussion 
5.1. Effect of the pillar width on the stability of openings/pillars 
As the appropriate highwall mining design in the target area is investigated, the effect of the pillar width on the 
stability of openings/pillars is discussed. Figures 11(a)-(c) and Figures 12(a)-(c) show the failure development 
around the openings under different pillar width at a mining depth of 77 m and 122 m, respectively. Comparing 
these figures, it can be seen that the failure zone develops around the openings with increasing the depth. The pillar 
and ribs tend to fail with shear failure and the roof and floor with tensile failure with increasing mining depth. Of 
course, these failure modes depend on the initial stress conditions. With the narrow pillar, the openings show the 
less stability and the pillars fail much more severely than the wide pillar. If the pillar width is larger than 3.0m, the 
stability of the openings and the pillars can be maintained and the mining operation can be conducted safely.  
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On the other hand, in the case that the pillar width is 1.5m, the stability of pillars and openings decreases 
dramatically. This situation will lead to unstable work conditions, and in worse case the cutting machine is caught in 
the openings being impossible to withdraw. 
From these results, as the highwall mining system is applied to the target area, the pillar width should be larger 
than 3.0 m, otherwise, if the narrower pillar is applied in order to increase coal recovery, the application is stowing 
system is recommended in order to improve and maintain the stability of pillars and openings. 
5.2. Effect of the buffer zone between first slice and second slice by the difference of buffer length or mining ways 
Next, in order to discuss the applicability of multi-pass Highwall mining system, it is investigated about the effect 
of the buffer zone between first step and second step by the difference of buffer length or mining ways. Figures13 
(a) and (b) show the failure development around the openings in the reticular pattern.Figures14 (a) and (b) show 
thefailure development around the openingsin the staggered pattern. In Figure 13, it can be said that the 
failuresoccurin buffer zone between first slice openings and second slice openings even if larger buffer length are. 
On the other hand, few failure can be recognized in Figure 14 in the case of larger buffer length and larger pillar 
width. The failures don’t occur so much in buffer zone.  
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From these results, as the multi-pass Highwall mining system is applied in these properties, it is better to 
excavate openings in the staggered pattern because the coal is very weak and it may be easy to fail coal in buffer 
zone in the case of excavated in a reticular pattern. Especially, if the buffer length between first slice and second 
slice is2.0m and pillar width is 4.5 m, multi-pass Highwall mining system can be conducted. 
6. Conclusions 
From the results of a series of numerical analyses, the applicability of multi-pass Highwall mining system to the 
extraction of coal left around the end-walls can be described. It can also be concluded that the application of 
Highwall mining system safely need larger pillar width in this condition. Furthermore, excavating in the staggered 
pattern is very useful and effective in the case of multi-pass Highwall mining system.  
In order to make the appropriate design for the multi-pass Highwall mining operation, the more detailed studies 
such as setting of barrier pillar, the size and shape of openings and stowing systems are needed. 
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